Amyloid-β (Aβ) peptides originating from β-amyloid precursor protein (APP) are critical in Alzheimer's disease (AD). Cellular cholesterol levels/distribution can regulate production and clearance of Aβ peptides, albeit with contradictory outcomes. To better understand the relationship between cholesterol homeostasis and APP/Aβ metabolism, we have recently generated a bigenic ANPC mouse line overexpressing mutant human APP in the absence of Niemann-Pick type C-1 protein required for intracellular cholesterol transport. Using this unique bigenic ANPC mice and complementary stable N2a cells, we have examined the functional consequences of cellular cholesterol sequestration in the endosomal-lysosomal system, a major site of Aβ production, on APP/Aβ metabolism and its relation to neuronal viability. Levels of APP C-terminal fragments (α-CTF/β-CTF) and Aβ peptides, but not APP mRNA/protein or soluble APPα/APPβ, were increased in ANPC mouse brains and N2a-ANPC cells. These changes were accompanied by reduced clearance of peptides and an increased level/activity of γ-secretase, suggesting that accumulation of APP-CTFs is due to decreased turnover, whereas increased Aβ levels may result from a combination of increased production and decreased turnover. APP-CTFs and Aβ peptides were localized primarily in early-/late-endosomes and to some extent in lysosomes/autophagosomes. Cholesterol sequestration impaired endocytic-autophagic-lysosomal, but not proteasomal, clearance of APP-CTFs/Aβ peptides. Moreover, markers of oxidative stress were increased in vulnerable brain regions of ANPC mice and enhanced β-CTF/Aβ levels increased susceptibility of N2a-ANPC cells to H 2 O 2 -induced toxicity. Collectively, our results show that cellular cholesterol sequestration plays a key role in APP/Aβ metabolism and increasing neuronal vulnerability to oxidative stress in AD-related pathology.
Introduction
Alzheimer's disease (AD), the most common form of dementia affecting the elderly, is characterized by the presence of intracellular neurofibrillary tangles, extracellular β-amyloid (Aβ)-containing neuritic plaques and loss of neurons in selected brain regions (1, 2) . Assimilated evidence indicates that in vivo accumulation of Aβ may contribute to/trigger the loss of neurons and AD pathogenesis (3) . These peptides are generated from the amyloid precursor While α-secretase processing occurs mostly in the secretory pathway, the endosomal-lysosomal (EL) system plays a critical role in the production of Aβ peptides (4) .
Several studies show that cholesterol can influence APP processing and Aβ generation. For example, an increase in cellular cholesterol up-regulates, whereas a decrease down-regulates, Aβ generation in cultured neurons/cell lines (5, 6) . Moreover, a high-cholesterol diet has been reported to increase brain levels/ deposition of Aβ, whereas a low-cholesterol diet can decrease the levels/deposition of Aβ in APP transgenic (Tg) mice (5, 7) . In contrast, some studies have reported that increased plasma cholesterol is associated with unchanged (8) or reduced (9) Aβ levels, while lowering plasma cholesterol either does not affect (10) or elevates (11, 12) brain Aβ levels. Since plasma lipoproteins cannot cross the blood-brain barrier (13) , it is important to determine how the cholesterol content of neurons influences the production/secretion of Aβ-related peptides.
Under normal conditions, cholesterol derived from astrocytes is taken up by neurons via receptor-mediated endocytosis and is delivered first to the EL system and then exported to other cellular compartments via a mechanism entailing the Niemann-Pick type C (NPC)-1 and -2 proteins (14) (15) (16) . Although the overall cholesterol content isolated from Npc1-null mice is not higher than that of wild-type (WT) neurons, large amounts of cholesterol are sequestered in late-endosomes/lysosomes in cell bodies (17, 18) . Since the EL system is a major site of APP metabolism and exhibits marked changes in 'at risk' neurons prior to Aβ deposition in AD brains (4, 19) , it is important to determine how alterations in EL cholesterol levels can influence production and clearance of Aβ peptides. Interestingly, lack of NPC1 protein has been shown to cause AD-like phenotype including Aβ accumulation in human and mouse brains, while some recent studies have also reported altered expression of NPC1 in AD pathology (20) (21) (22) (23) (24) . To better understand the functional link between NPC1 dysfunction, EL cholesterol sequestration and Aβ metabolism, we have recently developed a line of bigenic ANPC mice expressing familial AD mutant human APP on Npc1-null background. These ANPC mice display EL cholesterol sequestration and exhibit a phenotype more severe than either of the single mutants (APP-Tg or Npc1-null mice) including decreased life span, early cognitive and motor impairments, accelerated glial pathology, significant demyelination and exacerbated neurodegeneration (25) . In the present study using this bigenic mice and a complementary stable neuronal N2a cell line, we show that cholesterol accretion within the EL system does not alter APP levels but increases APPCTFs/Aβ levels, by increasing γ-secretase activity and impairing lysosomal clearance, rendering the cells vulnerable to oxidative stress in AD-related pathology.
Results

Influence of cholesterol sequestration on APP-CTFs and Aβ levels
Our recently generated bigenic ANPC mice that overexpress mutant human APP KM670/671NL+V717F in the absence of Npc1 protein exhibited decreased lifespan (i.e. ∼11 weeks survival), early object memory and motor impairments, and exacerbated glial pathology (i.e. proliferation and activation of astrocytes and microglia and loss of oligodendrocytes) compared with APP-Tg and Npc1-null littermates. These ANPC mice sequester unesterified cholesterol in the EL system and display progressive loss of cerebellar Purkinje cells, whereas hippocampal neurons are relatively spared. These changes are accompanied by altered function of the EL system and increased phosphorylation and cleavage of tau protein in the cerebellum. In general, neuropathological abnormalities are more profound in the cerebellum than the hippocampus of ANPC mice (25) (Fig. 1A) . Nor did immunoblotting of APP holoprotein with C-terminal APP antibodies reveal any differences among APP-Tg, Dhet and ANPC mice. As expected, the levels of APP were markedly higher in APP-Tg, Dhet and ANPC mice than in WT mice (Fig. 1B) .
In the absence of differences in APP expression, we compared levels of the APP-cleaved products in brains of ANPC, APP-Tg and Dhet mice (Fig. 1C-F) . The amount of α-CTF in the cerebellum of 10-week-old (but not 4-week-old) ANPC mice was approximately double that in APP-Tg and Dhet mice, whereas the β-CTF level was higher in both 4-and 10-week-old ANPC mice than in the other genotypes (Fig. 1C) . However, the amounts of sAPPα and sAPPβ were not different in ANPC compared with APP-Tg and Dhet mice (Fig. 1D ). In addition, the levels of human Aβ and Aβ , as detected by enzyme-linked immunosorbent assay (ELISA), were significantly higher in the cerebellum of ANPC mice, compared with age-matched APP-Tg and Dhet mice ( Fig. 1E and F) ; as expected, human Aβ 1-40 /Aβ were not detected in WT mice. Thus, cholesterol sequestration in the EL system of ANPC mouse cerebellum caused an accumulation of APP-CTFs and Aβ peptides in the absence of altered APP holoprotein levels.
To determine the mechanisms by which cholesterol sequestration in the EL system alters APP metabolism, we generated a complementary stable cell line by reducing Npc1 expression in mouse Neuro2a (N2a) cells that stably overexpressed the Swedish mutant human APP KM670/671NL . The amounts of Npc1 mRNA and protein were ∼90% lower in the Npc1-silenced cells (N2a-ANPC) than in control cells (N2a-APP) ( Fig. 2A) . Filipin staining of unesterified cholesterol revealed dense labeling in N2a-ANPC cells but only faint labeling in control N2a-APP cells, as expected ( Fig. 2A) . Consistent with the ANPC mice, depletion of Npc1 in N2a-ANPC cells increased the amounts of APP-CTFs (4-to 6-fold) and intracellular Aβ (by ∼50%) and Aβ (by ∼30%), but not full-length APP or intracellular sAPPα/sAPPβ (Fig. 2B-D) . In addition, levels of Aβ peptides (Aβ 1-40 /Aβ 1-42 ) (Fig. 2E ) and sAPPα/sAPPβ (Fig. 2F) in the conditioned media of N2a-ANPC cells were not significantly different from those in N2a-APP cells, suggesting that cholesterol sequestration does not influence secretion of sAPP or Aβ peptides.
Cholesterol sequestration modulates APP processing
Since decreased levels/activity of γ-secretase might cause an accumulation of APP-CTFs, we first assessed the steady-state level of presenilin (PS1) and nicastrin components of this complex. In the cerebellum of ANPC mice, amounts of PS1 and nicastrin proteins were significantly higher than in WT, APP-Tg and Dhet mice ( Fig. 3A and B) . Moreover, levels of PS1 and mature nicastrin were higher in N2a-ANPC than in N2a-APP cells (Fig. 3C) . The activity of the γ-secretase complex was also markedly higher in the cerebellum of ANPC mice and in N2a-ANPC cells ( Fig. 3D and E). The γ-secretase inhibitor N-[N-(3,5-Difluorophenacetyl)-Lalanyl]-S-phenylglycine t-butyl ester (DAPT) increased levels of APP-CTFs to a greater extent in N2a-ANPC cells than in N2a-APP cells (Fig. 3F ) but strongly decreased Aβ 1-40 /Aβ in N2a-ANPC cells (Fig. 3G ), suggesting that an enhanced level/ activity of the γ-secretase complex possibly contributes to the increased processing of APP-CTFs in N2a-ANPC cells. To determine whether decreased turnover of peptides contributes to the enhanced levels of the peptides, cultured N2a-APP and N2a-ANPC cells were treated with cycloheximide to inhibit de novo synthesis of proteins including APP (26,27) and then Immunoblots and corresponding histograms showing increased α-and β-CTFs (∼10-12 kDa, C) but unaltered sAPPα and sAPPβ (D) fragments in the cerebellum of APPTg, Dhet and ANPC mice. (E and F) Age-dependent increase in human Aβ1-40 (E) and Aβ1-42 (F) levels in APP-Tg, Dhet and ANPC cerebellar homogenate, detected by ELISA. All blots were re-probed with anti-β-actin to monitor protein loading. Values are means ± SEM from 4 to 10 (i.e. ELISA, n = 6-10, qPCR and western blot, n = 4) mice/genotype/age. *P < 0.05; **P < 0.01; ***P < 0.001. N2a-APP cells following treatment with 1 μ DAPT for 24 h (n = 3 independent experiments). All blots were re-probed with β-actin antibody to monitor protein loading. *P < 0.05; **P < 0.01. steady-state levels of APP-CTFs and Aβ were evaluated at different time points (Fig. 4A-E) . Interestingly, our results clearly showed that levels of α-CTF/β-CTF (Fig. 4A , C and D) were markedly higher in cycloheximide-treated N2a-ANPC cells than in N2a-APP cells as a function of time suggesting a decreased rate of decay of the peptides following sequestration of cholesterol within EL system. The levels of Aβ were also higher in N2a-ANPC cells compared with N2a-APP cells following treatment with cycloheximide (Fig. 4E ). These data, together with unaltered levels of sAPPα/sAPPβ both in the cell lysates and in the conditioned media ( Fig. 2D and F) , indicate that the higher levels of APP-CTFs in N2a-ANPC cells and ANPC mouse brains are due to decreased turnover of APP-CTFs rather than decreased activity of γ-secretase, whereas the accumulation of Aβ might be the result of increased production and decreased turnover.
Influence of the proteasomal system on APP-CTF and Aβ levels APP-CTFs, Aβ-related peptides and many core proteins involved in Aβ production, such as PS1, nicastrin and BACE1, are partly degraded by the proteasomal pathway (28, 29) . To determine whether the observed increase in APP-CTFs and Aβ was the consequence of impaired proteasomal activity, we measured chymotrypsin-like, trypsin-like and peptidyl-glutamyl peptidehydrolyzing (PGPH)-like activities in the cerebellum of WT, APP-Tg, Dhet and ANPC mice (Supplementary Material, 
Influence of the lysosomal system on APP-CTF and Aβ levels
The EL system mediates the degradation and recycling of unwanted cellular materials originating from two related pathways: endocytosis and autophagy (30, 31) . The endocytic pathway, comprising of early-and late-endosomes, serves as a site of origin/ reservoir of APP-cleaved products including Aβ peptides, which are subsequently cleared, at least in part, by lysosomes (19, 28) . To determine if cholesterol sequestration triggered the accumulation of APP-CTFs and Aβ in the endocytic pathway, we assessed human Aβ1-40 levels (detected by ELISA) in cultured N2a-APP and N2a-ANPC cells following cycloheximide (30 μg/ml) treatment for 0.5, 2 and 5 h. All western blots were reprobed with anti-β-actin antibody to monitor protein loading. Data represent means ± SEM were from three independent culture experiments. *P < 0.05, **P < 0.01, ***P < 0.001. the intracellular localization of these fragments under in vivo and in vitro conditions using confocal microscopy and endosomal and lysosomal markers. The sub-cellular localization of APP-CTFs was determined using an established monoclonal antibody Y188 developed against a synthetic peptide corresponding to the C-terminus of human APP (32, 33) . The characterization of staining recognized by the antibody was validated by double labeling of cultured N2a-ANPC cells which showed that Y188 immunoreactivity overlaps completely with another C-terminal APP antibody CTM1 but only partially with the N-terminal APP antibody 22C11 (see Supplementary Material, Fig. S2 ). Immunoreactive APP-CTFs and Aβ (detected by 4G8 antibody) exhibited diffuse, finely granular labeling in cerebellar neurons of WT, APP-Tg and Dhet mice, whereas in ANPC mice a more intense staining was evident as coarse granules. Double immunolabeling ( However, in neurons of ANPC mice, a subset of CatD-containing vesicles that lacked filipin staining showed immunoreactivity for Aβ-related peptides ( Fig. 5M and N) . Moreover, Aβ immunoreactivity overlapped substantially with that of APP-CTFs in ANPC cerebellar neurons but less so in APP-Tg neurons ( Fig. 5O and P) .
In N2a-APP and N2a-ANPC cells, filipin-labeled cholesterol mostly associated with Lamp1-positive lysosomes (Fig. 5Q-T) . Consistent with the in vivo data, immunoreactive APP-CTFs and Aβ peptides were more evident in a subset of early-and late-endosomes (not shown), as well as lysosomes, in N2a-ANPC than in N2a-APP cells ( Fig. 5S and T) . Since levels of APP-CTFs and Aβ in the ANPC cerebellum and N2a-ANPC cells were elevated compared with those in APP-Tg mice and N2a-APP cells, respectively, without any significant alteration of APP levels, we further conclude that the antigens recognized by 4G8 and Y188 antibodies are Aβ and APP-CTFs, rather than full-length APP.
Autophagy is considered to be the principal mechanism for degradation of long-lived normal and aggregated proteins as well as cellular organelles (34, 35) . Macroautophagy, usually referred to as autophagy, is the predominant form and involves formation of a double-membranous autophagosome that contains macromolecules and cell organelles and fuses with lysosomes for degradation of its contents. Interestingly, certain ubiquitinated proteins that are conjugated to the adaptor protein p62 are constitutively degraded by autophagy (36) . Several studies indicate that altered functioning of the autophagic-lysosomal system plays a critical role in the generation and/or clearance of APP-CTFs and Aβ peptides (37, 38) . To determine if impairment of autophagy contributes to the accumulation of APP-CTFs and Aβ in ANPC mouse brains and N2a-ANPC cells, we assessed amounts of the autophagic marker LC3-II (Fig. 6 ). The steadystate level of LC3-II was higher in the cerebellum of ANPC mice than in WT, APP-Tg and Dhet mice (Fig. 6A ). This increase was accompanied by enhanced LC3 immunoreactivity in cerebellar Purkinje cells suggesting accumulation of autophagic vesicles in ANPC brains (Fig. 6B) . Double-labeling studies, however, revealed that only a subset of LC3-positive autophagic vesicles contained APP-CTFs and Aβ peptides, and that these vesicles were more abundant in ANPC mice than APP-Tg mice (Fig. 6B) . Consistent with these in vivo data, the level and expression of LC3-II protein in N2a-ANPC cells was greater than in N2a-APP cells, and only a few LC3-positive autophagic vesicles exhibited immunoreactivity for APP-CTFs and Aβ peptides in N2a-ANPC cells (Fig. 6C) .
In addition to increased amounts of LC3-II, the levels of p62 and ubiquitinated proteins in the cerebellum of 10-week-old ANPC mice were higher than in WT, APP-Tg and Dhet mice ( Fig. 6D and E) . Similarly, amounts of p62 (Fig. 6C ) and ubiquitinated proteins (see Supplementary Material, Fig. S1E , Lanes 1 and 5) were also slightly higher in N2a-ANPC cells than in N2a-APP cells. Since proteasomal activity is not different between ANPC and APP-Tg mice (see Supplementary Material, Fig. S1A ), it is likely that the increase in ubiquitinated proteins is the consequence of their reduced proteolysis by an abnormal autophagic-lysosomal system. This conclusion is supported by immunohistochemical data showing markedly increased expression of p62 and ubiquitin in LC3-positive autophagic vesicles in the Purkinje cells of ANPC, compared with APP-Tg mice (Fig. 6F) .
Modulation of levels of APP-CTFs and Aβ peptides by the autophagic-lysosomal system
To validate the notion that the increased levels of APP-CTFs and Aβ peptides in ANPC mice and N2a-ANPC cells are due to impaired proteolysis via the endocytic/autophagic-lysosomal system, we used well-established pharmacological agents that are known to alter the function of the lysosomal network. In the presence of chloroquine, which prevents lysosomal clearance by neutralizing lysosomal pH (39) , an increase in LC3-II was accompanied by markedly higher levels of APP-CTFs and Aβ peptides ( Fig. 7A-C; Supplementary Material, Fig. S3A -C) in both N2a-APP and N2a-ANPC cells. As expected, since basal levels of APP-CTFs were already high in N2a-ANPC cells, the increase in APP-cleaved products, appeared earlier (by 2 h) in N2a-APP cells than in N2a-ANPC cells (by 5 h). Treatment of the cells with thapsigargin, which selectively blocks fusion of autophagosomes with lysosomes (40), also increased levels of LC3-II, APPCTFs and Aβ peptides in both cell lines ( Fig. 7D-F ; Supplementary Material, Fig. S3D-F) . In subsequent experiments, both N2a-APP and N2a-ANPC cells were treated with three distinct autophagy inhibitors, i.e. 3-methyladenine (3-MA), wortmannin and LY294002 (41) (42) (43) (44) . In the presence of 3-MA, a lower level of LC3-II was accompanied by increased levels of APP-CTFs and Aβ ( Fig. 7G-I; Supplementary Material, Fig. S3G-I) . More or less similar results for LC3-II and APP-CTFs were obtained with LY294002 (data not shown) and wortmannin (Supplementary Material, Fig. S4 ). Interestingly, dual treatment of cells with 3-MA and either chloroquine or thapsigargin produced an additive effect particularly on Aβ levels ( Fig. 7J-O; Supplementary Material,  Fig. S5A-F) . These results, taken together, suggest that impairment of the trafficking/proteolysis, possibly due to neutralization of lysosomal pH caused by the sequestration of intracellular cholesterol, contributes to the accumulation of APP-CTFs and Aβ in N2a-ANPC cells and ANPC mouse cerebellum. This notion is reinforced by two distinct lines of experimental data. First, dual treatment with chloroquine and cycloheximide showed a lower rate of turnover for APP-CTFs in cultured N2a-ANPC cells than in N2a-APP cells (Fig. 8A-D) . Second, we observed that the acidic milieu was less evident in N2a-ANPC cells than in N2a-APP cells according to staining with the ratiometric probe LysoSensor Yellow/Blue DND-160A, which produces yellow , 24 h ). All blots were re-probed with anti-β-actin. '*' denotes significant difference between single treatment and no treatment; '@' indicates significant difference between combined treatment and single treatment. Data represent means ± SEM from three independent experiments for each treatment. *P < 0.05; **P < 0.01; ***P < 0.001. (ii) and less acidic blue (i) organelles in N2a-ANPC compared with N2a-APP cells. Note the significant decrease in yellow-to-blue intensity ratio (iii) in N2a-ANPC cells indicating reduction in the intracellular acidic milieu following EL cholesterol accumulation. Data represent means ± SEM from three independent experiments. *P < 0.05; **P < 0.01. fluorescence in acidic organelles and blue fluorescence in less acidic organelles (Fig. 8E) .
Influence of increased APP-CTFs and Aβ peptides on cell viability
Oxidative stress plays a role in neuronal degeneration in cholesterol-accumulating NPC disease, as well as in AD (45, 46) . Consistent with this idea, oxyblot experiments showed significantly more protein carbonyl groups, a marker of oxidative stress, in the cerebellum of 10-week-old, but not 4-week-old, ANPC mice compared with age-matched WT, APP-Tg and Dhet mice ( Fig. 9A and B) . Furthermore, in N2a-ANPC cells exposed to H 2 O 2 , levels of protein carbonylation were higher than in N2a-APP cells (Fig. 9C) . In addition, N2a-ANPC cells were significantly more vulnerable to oxidative stress following H 2 O 2 exposure than were N2a-APP cells (Fig. 9D ). The toxicity induced by H 2 O 2 was attenuated when the cells were pre-treated with inhibitors of either β-secretase [β-secretase inhibitor IV (BIV)] or γ-secretase (DAPT) (Fig. 9E and F) . Since β-CTF and Aβ peptides can trigger cell death (47) (48) (49) , it is likely that enhanced levels of these peptides in N2a-ANPC cells compared with N2a-APP cells may render them more vulnerable to H 2 O 2 -induced toxicity, though potential involvement of other molecules cannot be completely excluded. Interestingly, treatment of the cells with an inducer of autophagy, rapamycin, which triggers autophagic-flux and lysosomal biogenesis (50,51) also attenuated the H 2 O 2 -induced toxicity (Fig. 9G) .
Discussion
Using bigenic ANPC mice and a neuronal cell line that stably overexpress mutant human APP in the absence of Npc1 protein, we show that sequestration of cholesterol within the EL system can render the cells vulnerable to oxidative injury by increasing the levels of APP-CTFs and Aβ peptides. While APP-CTFs levels are increased due to decreased turnover, enhanced levels of Aβ peptides are the result of increased production and decreased clearance mechanisms. Both APP-CTFs and Aβ peptides accumulate mostly in early-and late-endosomes, and partly in LC3-positive autophagosomes without any alterations in APP mRNA or protein levels. We also observed that cholesterol sequestration did not affect proteasomal activity but impaired the lysosomal clearance of APP-CTFs and Aβ peptides. Taken together, these results suggest that increased levels of β-CTF and Aβ peptides, as a consequence of cholesterol sequestration within EL system, can directly influence AD-related pathogenesis.
The critical factor by which cholesterol influences Aβ production might be not only the total cellular cholesterol level but also the compartmentalization of cholesterol within the cell (52) . In neurons lacking Npc1 protein, the total cholesterol content is not increased, but cholesterol exit from late-endosomes/lysosomes is impaired (18, 25) . In this study, we show that cholesterol sequestration within the EL system does not influence APP mRNA or holoprotein levels either in vitro or in vivo. These observations are consistent with recent data showing that accumulation of cholesterol in neuronal cells, in response to the cholesterol transport inhibitor U18666A (20) , or in brains of APP-Tg mice in which cholesterol synthesis was inhibited (53, 54) , did not affect APP levels. Nevertheless, we show that cholesterol accumulation within the EL system of ANPC mice and in N2a-ANPC cells significantly increased the amount of APP-CTFs (20, 55) . The levels of secreted sAPPα or sAPPβ, however, were not increased in either the cerebellum of ANPC mice or the cell lysates and media of N2a-ANPC cells. Since levels and activity of the γ-secretase complex are higher in ANPC mice and N2a-ANPC cells than in APP-Tg mice and N2a-APP cells, respectively, it is likely that the accumulation of APP-CTFs is a consequence of reduced proteolysis rather than increased production. This is validated by our cycloheximide experiments which showed a decreased turnover rate of APP-CTFs in N2a-ANPC cells compared with N2a-APP cells. In addition to APP-CTFs, levels of both Aβ and Aβ were increased in ANPC mice, as well N2a-ANPC cells, as previously reported in some cells/tissues with increased cholesterol content (20, 22, 56, 57) . The Aβ peptides that accumulate mostly in endosomes, and to a lesser extent in autophagic vesicles, in ANPC mice and cultured cells are derived, at least in part, from enhanced production, as indicated by the increased level/activity of the γ-secretase complex. Interestingly, however, in contrast to some reports (20, 57) , we observed that the secretory pool of Aβ was the same in N2a-ANPC and N2a-APP cells. Additionally, we showed that levels of Aβ in cultured N2a-ANPC cells remained higher than in N2a-APP cells following cycloheximide treatment, thus suggesting that the intracellular accumulation of Aβ is also partially caused by decreased clearance of the peptide.
Many of the proteins involved in APP processing, like BACE1 and γ-secretase complex and a subset of the APP and Aβ-related peptides are partly degraded by proteasomes (29, (58) (59) (60) . Notwithstanding these data, we observed no differences either in the chymotrypsin-like, trypsin-like and PGPH-like activities or the catalytic β2 subunit of the ubiquitin-proteasomal system in the cerebellum of ANPC mice compared with other genotypes, or between N2a-ANPC and N2a-APP cells. Thus, we conclude that increased levels of APP-CTFs and Aβ observed in our studies are not caused by abnormalities in the ubiquitin-proteasome system. Interestingly, however, amounts of ubiquitinated proteins were found to be higher in the cerebellum of ANPC mice and N2a-ANPC cells compared with APP-Tg mice and N2a-APP cells, respectively. This likely reflects a decreased proteolysis of some p62-conjugated ubiquitinated proteins known to be degraded via the autophagic-lysosomal system (36). This conclusion is supported by the findings that levels of ubiquitinated proteins and p62 are higher in the cerebellum of ANPC mice compared with other genotypes, and that p62 and ubiquitin co-localize with LC3-positive autophagic vesicles in Purkinje cells of ANPC mice.
Lysosomes mediate the clearance of cellular substrates originating from endocytic and autophagic pathways (19, 37) . The significance of the autophagic pathway for APP metabolism, unlike endosomal system, remains somewhat controversial. Some studies conclude that inhibition of autophagy by 3-MA, wortmannin, LY294002 or by down-regulation of autophagy-related protein-5 decreases levels of APP-CTFs and Aβ (61) (62) (63) (64) (65) . On the other hand, few studies indicate that induction of autophagy by beclin1 (66) , or treatment with the autophagy enhancer rapamycin or SMER28, decreases levels of APP-CTFs and Aβ peptides (67, 68) . Alternatively, the autophagic pathway might not be directly involved in regulating APP metabolism (69) . Our results clearly show that cholesterol sequestration within the EL system triggers APP-CTFs and Aβ accumulation in endosomal compartments and, to some extent, in LC3-positive autophagic vesicles, in the cerebellum of ANPC mice and N2a-ANPC cells. Interference with autophagy, by preventing formation of autophagosomes and/or the fusion of autophagosomes with lysosomes, significantly increased the levels of APP-CTFs and Aβ in N2a-APP and N2a-ANPC cells; in general, the changes were more pronounced in N2a-ANPC cells than in N2a-APP cells, likely due to higher basal levels of these proteins and/or their increased vulnerability to the inhibitors. These results, together with the observation (1 μ, F) and the autophagy inducer rapamycin (10 μ, G). All blots were re-probed with anti-β-actin. Culture data represent means ± SEM from four independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001. that only a fraction of the LC3-positive vesicles contained APPCTFs and Aβ in ANPC mouse brains, and in N2a-ANPC cells, clearly indicate that cholesterol sequestration within the EL system does not severely impair proteolysis of these molecules via autophagy. In contrast, direct hindrance of lysosomal activity/clearance with chloroquine markedly increased the levels of APP-CTFs and Aβ peptides in N2a-APP and N2a-ANPC cells. Since APP-CTFs and Aβ in ANPC mice and cultured cells accumulate primarily in EL compartments, rather than in autophagic vesicles, it implies that cholesterol sequestration profoundly affects the proteolysis of APP-CTFs/Aβ via the endosomal pathway than the autosomal pathway. This conclusion is substantiated by two findings (i) our results showing that chloroquine treatment reduced clearance of APP-CTFs more profoundly in N2a-ANPC cells than N2a-APP cells and (ii) the evidence that fusion of late-endosomes with lysosomes is impaired in cholesterol-accumulating Npc1-deficient cells (70, 71) . Nevertheless, future experiments are needed to define the relative significance of these degradative pathways in the clearance of APP-CTFs and Aβ from these cells.
Although the accumulation of β-CTF and Aβ-related peptides triggers neurodegeneration in vitro and in vivo (47) (48) (49) , the significance of these peptides in neuronal loss consequent to EL cholesterol sequestration remains unclear. Oxidative damage, triggered by cholesterol accumulation, might play a role in the neuronal degeneration and the development of NPC as well as AD pathologies. Data in support of this concept are as follows: (i) degeneration of neurons by U18666A, a class-II amphiphile that triggers intracellular accumulation of cholesterol, is partly mediated by oxidative stress (72); (ii) synthesis of the antioxidant enzyme catalase or the antioxidant glutathione are diminished following cholesterol sequestration by Npc1 deficiency, whereas markers of oxidative stress are increased (46) and (iii) treatment of Npc1-deficient mice with the antioxidant curcumin and allopregnanolone increases lifespan and enhances viability of Purkinje cells (73, 74) . Our results are consistent with these data and show that N2a-ANPC cells are significantly more vulnerable than N2a-APP cells to H 2 O 2 -induced toxicity. Interestingly, treatment with inhibitors of β-and γ-secretase protected these cells from H 2 O 2 -induced toxicity, suggesting a direct role for accumulated β-CTF/Aβ peptides in oxidative cell death mechanism. This conjecture is reinforced by the finding that induction of autophagy and lysosomal biogenesis by rapamycin (50, 51) , which reduces levels of APP-CTFs and Aβ peptides (67, 68) , protected the cells against H 2 O 2 -induced toxicity. Thus, the accumulation of β-CTF and Aβ, in response to EL cholesterol sequestration, can render the cells vulnerable to oxidative cell death. In support of this idea, the affected cerebellar region of ANPC mice with enhanced levels of β-CTF and Aβ peptide shows a parallel increase in carbonyl protein levels-a well-established marker of oxidative injury. Under the circumstances, it is likely that enhanced levels of β-CTF and Aβ peptides may underlie the severe pathology and degeneration of neurons observed in the cerebellum of ANPC mice compared with other littermates (25) . Additionally, given the evidence that Aβ peptide can induce cleavage/phosphorylation of tau protein (75, 76) and activation of glial cells (77, 78) , it will be of interest to determine the potential role of the peptide in the development of glial pathology as well as abnormalities in tau protein observed in the cerebellum of ANPC mice (25) .
In summary, using a new line of bigenic ANPC mice and N2a-ANPC cells stably expressing APP, we have shown that cholesterol accretion within the EL system does not alter the amount of APP but causes the accumulation of APP-CTFs and Aβ within endosomal and autophagic vesicles. The increase in these peptides is a consequence of increased production and/or decreased turnover via the lysosomal pathway. Additionally, the accumulation of both β-CTFs and Aβ increases the vulnerability of the cells to oxidative injury which may underlie the loss of neurons in AD as well as NPC disease. Overall, our results provide novel insights into the functional relationship between EL cholesterol accretion and APP metabolism and their significance in AD-related pathogenesis.
Materials and Methods
Reagents
NuPAGE 4-12% Bis-Tris gels, Alexa Fluor 488/594-conjugated secondary antibodies, ProLong Gold anti-fade reagent, DNase I, oligo (dT) [12] [13] [14] [15] [16] [17] [18] primers, SuperScript™ II Reverse Transcriptase and ELISA kits for the detection of human Aβ and Aβ 1-42 were purchased from Life Technologies. The DNA and RNA isolation kits were from Qiagen, while iQ™ SybrGreen supermix was from Bio-Rad, Inc. All genotyping and real-time PCR primers were from Integrated DNA Technologies. Filipin, chloroquine, 3-MA, wortmannin, LY294002, cycloheximide, thapsigargin and γ-secretase inhibitors (DAPT and L-685,458) were obtained from Sigma-Aldrich. The bicinchoninic acid protein assay kit and enhanced chemiluminescence kit were from ThermoFisher Scientific. Vivaspin filtration columns were from GE Healthcare and Oxyblot™ protein oxidation kit was from EMD Millipore. The β-secretase inhibitor BIV, proteasomal inhibitor MG132 and fluorogenic γ-secretase substrate were from Calbiochem, while rapamycin was from LC laboratories. Proteasomal fluorogenic substrates were from Enzo Life Sciences or Calbiochem. Sources of all the primary antibodies are listed in Table 1 . Horseradish peroxidase-conjugated secondary antibodies were purchased from Santa Cruz Biotechnology. All other chemicals were from Sigma-Aldrich or ThermoFisher Scientific.
Mice
Mutant human APP KM670/671NL+V717F Tg mice (TgCRND8) maintained on a C3H/C57BL6 background (79) were crossed with heterozygous Npc1-deficient mice on a BALB/c background to generate bigenic ANPC, Dhet, APP-Tg and WT mice on a C3H/ C57BL6/BALB/c background (25) . All animals were maintained on a 12 h light/dark cycle and bred and housed with access to food and water ad libitum. Maintenance of the breeding colony and experiments involving animals complied with Institutional and Canadian Council of Animal Care guidelines. All mice were genotyped twice by PCR analysis of tail DNA: initially at weaning (21 days) and at euthanisation.
Cell culture, development of stable cell lines and drug treatments
Mouse Neuro2a (N2a) neuroblastoma cells stably overexpressing the human Swedish mutant (K670N, M671L) APP (N2aAPPsw, clone Swe.10) were the generous gift of Dr G. Thinakaran (The University of Chicago, IL, USA) and maintained in N2a growth medium as described earlier (80) . The amount of Npc1 protein was reduced in N2aAPPsw cells (referred as N2a-ANPC) by mRNA silencing with lentiviruses expressing Npc1 shRNA and subjected to puromycin selection according to manufacturer's instructions (Santa Cruz Biotechnology). The controls, N2aAPPsw cells, were transduced with lentiviral shRNA encoding a scrambled sequence (referred as N2a-APP). Cultured N2a-APP and N2a-ANPC cells were treated with H 2 O 2 (0-500 μm), MG132 (10 μ), chloroquine (50 μ), 3-MA (250 μ), wortmannin (0.1 μ), LY294002 (10 μ), cycloheximide (30 μg/ml), rapamycin (10 μ), thapsigargin (0.1 μ), γ-secretase inhibitor DAPT (1 μ) or BACE1 inhibitor BIV (10 μ) in the growth medium for indicated durations. The concentration of BIV and DAPT used in the study did not compromise viability of either N2a-APP or N2a-ANPC cells. Cells were harvested and either used immediately or stored at −80°C until further processing.
Real-time PCR
RNA from mouse cerebellar tissues (WT, APP-Tg, Dhet and ANPC mice), and cultured N2a-APP and N2a-ANPC cells, was isolated using the RNeasy lipid tissue and RNeasy RNA extraction kit, respectively. RNA (2 μg) was treated with DNaseI and reverse transcribed using oligo(dT) [12] [13] [14] [15] [16] [17] [18] primers and SuperScript™ II Reverse Trancriptase. Quantitative real-time PCR was performed with iQ™ SybrGreen supermix in a MyiQ™ Cycler with iQ5 real-time detection system (Bio-Rad Laboratories). Primer sequences were: APP (forward, 5′-GCCAAAGAGACATGCAGTGA-3′ and reverse, 5′-CCAG ACATCCGAGTCATCCT-3′, spanning regions from both human and mouse APP), Npc1 (forward, 5′-CACCAATCCTGTAGAGCTCTG-3′ and reverse, 5′-GGAAGGTGATCACAAGCGCGG-3′) and β-actin (forward, 5′-AGCCATGTACGTAGCCATCC-3′ and reverse, 5′-CTCTCA GCTGTGGTGGTGAA-3′). Each sample was assayed in duplicate and mRNA normalized to β-actin mRNA.
Western blotting
Western blotting was performed as described earlier (25) on mouse brain cerebellar homogenates (4-6 mice/genotype/age), as well as cultured cells using anti-APP, anti-Aβ, anti-sAPPα, anti-sAPPβ, anti-nicastrin, anti-PS1, anti-p62, anti-LC3, anti-ubiquitin or antiproteasomal β2 subunit antisera at dilutions listed in Table 1 . All blots were re-probed with anti-β-actin antibodies and quantified using a MCID image analyzer (Imaging Research, Inc.).
Immunostaining and confocal microscopy
Mice of the different genotypes (WT, APP-Tg, Dhet and ANPC; 3-5 mice/genotype) at 7-8 weeks of age were perfusion fixed with 4% paraformaldehyde and their cerebellar cryostat sections (20 μm) were processed for immunofluorescence labeling (25, 55) . With regard to cultures, cells grown on glass coverslips were fixed with 4% paraformaldehyde and processed for immunocytochemistry. For sub-cellular localization of antigens, fixed brain sections/cells were incubated overnight at 4°C with anti-APP or anti-Aβ combined with anti-Rab5, anti-Rab7, anti-CatD, antiLamp1, anti-p62, anti-ubiquitin or anti-LC3 antibodies (dilutions in Table 1 ) and then processed as described earlier (25, 55) . For visualization of unesterified cholesterol, immunolabeled sections/cells were incubated with 25 µg/ml filipin in the dark. Immunostained sections/cells were visualized and imaged using a Zeiss multiphoton confocal laser scanning microscope (LSM510, Carl Zeiss, Inc.) equipped with a 63× Plan-apochromatic oil-immersion lens. For quantification of the extent of colocalization, images were deconvoluted using Huygens Elements-XI software (Scientific Volume Imaging) and quantified using the Imaris 7.5.1 software (Bitplane AG).
Flow cytometry
N2a-APP and N2a-ANPC cells were incubated with LysoSensor yellow/Blue DND-160 (1 μ) for 30 min in N2a growth medium, washed and analyzed using LSR-Fortessa Flow Cytometer (BD Biosciences). The two detectors had 450/50 nm and 530/30 nm filters with excitation of 355 nm (20 mW UV laser). Data were analyzed using FCS Express 4 Flow Cytometry software (De Novo Software).
In vitro γ-secretase activity assays γ-Secretase activity in the cerebellum of 10-week-old mice (WT, APP-Tg, Dhet and ANPC; 3-5 mice/genotype), and in cultured N2a-APP and N2a-ANPC cells, was measured as described previously (81) . Enzymatic activity was determined by incubating a parallel set of samples with 100 μ γ-secretase inhibitor L-658,458. All samples were assayed in duplicate, and results were from five independent experiments.
ELISA for Aβ and Aβ Human Aβ and Aβ 1-42 levels in the cerebellum of 4-, 7-and 10-week-old ANPC, APP-Tg, Dhet and WT mice (4-6 mice/genotype/ age), and cultured N2a-APP and N2a-ANPC cells were measured using commercially available ELISA kits as described earlier (79) . For Aβ in conditioned media, cells were incubated in 6 ml of serum-free Opti-MEM I for 3 h and subsequently human Aβ 1-40 / Aβ 1-42 levels were measured by ELISA. All samples were assayed in duplicate, and each experiment was repeated three times.
Detection of proteasomal activities
Brain cerebellar tissue from 4-and 10-week-old WT, APP-Tg, Dhet and ANPC mice, as well as cultured N2a-APP and N2a-ANPC cells, was homogenized, centrifuged and proteasome peptidase activities measured in supernatants as described earlier (82) . Fluorogenic substrates (Suc-LLVY-AMC, Boc-LRR-AMC and Z-LLE-AMC) were used to estimate chymotryptic-like, tryptic-like and PGPHlike proteasomal activities, respectively. All samples were assayed in triplicate, and proteasome activity was expressed as fluorescence units/μg protein/min after subtraction of the values obtained in the presence of 1 μ MG132, a general proteasomal inhibitor.
Detection of oxidative stress
Cerebellar tissues from 4-and 10-week-old WT, APP-Tg, Dhet and ANPC mice, and cultured N2a-APP and N2a-ANPC cells, were assayed for protein carbonyl content using the Oxyblot™ protein oxidation kit following manufacturer's protocol. All blots were re-probed with anti-β-actin to monitor protein loading.
Viability of cultured cells
Viability of N2a-APP and N2a-ANPC cells treated with H 2 O 2 in the presence or absence of various drugs was determined using the colorimetric MTT assay (83) . Each experiment was performed in triplicate and repeated three to four times.
Statistical analysis
Data are expressed as means ± SEM. Statistical significance of differences was determined by one-way ANOVA followed by Newman-Keuls post-hoc analysis for multiple comparisons or unpaired two-tailed Student's t-test for single comparison with a significance threshold of P < 0.05. All analyses were performed using GraphPad Prism Software.
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